It has been believed that high purity Zr metal is hard to be prepared from Zr alloys in LiCl-KCl salts since Zr has various redox reactions in LiCl-KCl including insoluble ZrCl formation and disproportionate reaction between Zr and Zr 4+ . We examined electrolytic Zr recovery from Zircaloy-4 by controlling anodic potential at five concentrations of ZrCl 4 in LiCl-KCl salts. Anode potential of -0.9 V (vs. Ag/AgCl) was applied to prevent the elements except Zr being dissolved from the anode into the electrolyte. Experimental results showed Zr with purity of over 99.9% was recovered and all alloying elements were analyzed below their detection limit in ICP-MS. In addition, at low ZrCl 4 concentrations of 0.1 and 0.5 wt.%, the chemical form of the cathode deposits was Zr metal without ZrCl while only ZrCl without Zr metal was recovered at the high ZrCl 4 concentration, 2.0 and 4.0 wt.%. At the ZrCl 4 concentration of 1.0 wt.%, both Zr metal and ZrCl were recovered. Therefore, preparation of high purity Zr metal from Zr alloys is feasible in LiCl-KCl at low concentration of ZrCl 4 .
INTRODUCTION
Zirconium based alloys have been utilized in the nuclear fuel due to its low thermal neutron capture cross section and high hardness [1] . Zircaloy hull occupies about 25% of the total mass in spent nuclear fuel (SNF), and the amount of accumulated SNF has been increasing steadily for a few decades [2] . Since irradiated Zircaloy cladding in SNF is classified as an intermediate level waste based on International Atomic Energy Agency (IAEA) radioactive waste criteria due to penetrated actinides and activation products, it is essential to decontaminate Zircaloy cladding for the radioactive waste management [3] [4] . Also, recovery of Zr without other impurities from the Zircaloy hull would be necessary to lower radioactive waste level as well as reduce waste volume.
Several types of research have been conducted for the Zircaloy cladding decontamination both surficial and volumetric methods. Rudisill studied chemical treatment using diluted HF for ZrO 2 layers on the surface of irradiated cladding to remove actinides and fission products [5] . The results showed transuranic elements could penetrate at least 180 μm into the cladding and the decontaminated cladding was still classified as Greater-Than-Class C wastes of the United States. Therefore, the surface decontamination would not be a major priority.
Halogenation methods have been studied for volumetric decontamination of the cladding. Jeon studied chlorination behavior of fresh Zircaloy-4 to separate Zr, and the recovered ZrCl 4 had very high purity [6] . Kroll developed reduction process of ZrCl 4 using Mg reductant as a part of commercialized Zircon sand refining [7] [8] . But this process may be hard to be applied to radioactive Zr alloys because MgCl 2 which is the byproduct from the reaction of ZrCl 4 with Mg could be mixed with chlorides of other radioactive elements and it can cause the amount of radioactive waste increasing. Collins conducted two steps iodination processes consisted of the formation and the decomposition of ZrI 4 using non-radioactive Zircaloy [9] . The results showed good Zr recovery performance, but there might be commercialization issues since iodination process requires long reaction time.
Experimental investigations on electrorefining in alkali halides have been conducted for volumetric decontamination of Zircaloy cladding because electrochemical methods are more simple and compact than others. The redox behaviors of Zr in chlorides have been known to be very complicated due to disproportionate reaction [10] [11] [12] [13] [14] . There are various soluble states (Zr  4+ and Zr  2+ ) and insoluble states (Zr metal ZrCl) in molten LiCl-KCl. Hence, current efficiency might be lower, and ZrCl could be co-deposited at cathode in chloride based electrorefining. Sakamura examined chemical forms of Zr deposit according to applied cathode potential [13] . Mostly ZrCl was recovered at the cathode potential of -1.15~-1.04 V (vs. Ag/AgCl). Zr metal was produced with a little ZrCl when the cathode potential was controlled between -1.42 and -1.35 V (vs. Ag/AgCl). Lee conducted electrorefining of an unirradiated Zircaloy-4 piece in LiCl-KCl salts with 4 wt.% ZrCl 4 by applying three constant cathode potentials, but complete suppression for ZrCl deposition was not achieved [14] . The redox behavior of Zr in fluorides is simple as Zr(IV) is directly reduced to Zr metal [15] [16] [17] . Park conducted electrorefining using nuclear grade Zirlo scrap under four applied current conditions at 700 o C in LiF-KF-ZrF 4 salts to recover coarse Zr deposit [16] . The results showed all recovered Zr contained impurities less than 700 ppm. Fujita introduced LiF (10 mol%) added LClKCl-ZrCl 4 system for irradiated BWR channel box electrorefining by applying anode current density of 0.1A/cm 2 at 650 o C [17] . After two steps electrorefining, the decontamination factor of Co-60 was produced to 4 10 4 . Lee investigated Zirlo electrorefining and showed the morphological enhancement of cathode deposits in fluoride added chloride salts to compare with the results from all-chloride salts based electrorefining [18] . Although fluorides based electrorefining have some advantages in terms of the process efficiency and the recovery of cathodic deposits, there are some concerns on scale-up. Operating temperatures are higher than that of chlorides based electrorefining. Also, corrosion issues for the structural materials of electrorefining should be considered.
In this study, therefore, chlorides based lab-scale Zircaloy-4 electrorefining experiments were conducted to recover metallic Zr with high purity under the suppression of the ZrCl deposition. Based on the previous study, the electrorefining experiments were performed by controlling anode potential at five different salt compositions as ZrCl 4 concentrations changed [19] . After electrorefining, chemical analyses on cathode deposits and used salts were carried out to investigate the purity and composition of cathodic products by X-ray Diffraction (XRD) and inductively coupled plasma-mass spectrometry (ICP-MS).
EXPERIMENTAL

Reagent preparation
Anhydrous LiCl-KCl eutectic beads and ZrCl 4 powders with purity of 99.99% were supplied from the Sigma Aldrich and used for the molten salt electrolyte. Chloride solution of LiCl-KCl-ZrCl 4 (10 wt.%) was firstly produced and it is diluted down to the concentrations for each electrorefining experiments (0.1, 0.5, 1.0, 2.0 and 4.0 wt.% of ZrCl 4 in LiCl-KCl eutectic). ZrCl 4 sublimates at 331°C which is lower than the melting point of LiCl-KCl eutectic (353 o C) but the loss of ZrCl 4 due to its sublimation can be prevented once it is dissolved in LiCl-KCl [11] . Therefore, to melt LiCl-KCl and dissolve ZrCl 4 into the melts rapidly, the quartz cell containing LiCl-KCl beads and 10 wt.% ZrCl 4 powders was placed into the furnace heated to 600°C. A narrow quartz cell with an inner diameter of 11 mm was used, and LiCl-KCl beads were stacked up on the ZrCl 4 powders placed on the bottom of the cell in order to catch the sublimated ZrCl 4 . A cold trap at the top of the quartz cell was also set up to identify the sublimation of ZrCl 4 , but ZrCl 4 powders were not observed [19] .
Experimental setup
All electrochemical experiments were carried out in a glove box filled with argon gas with 99.999% purity. The concentrations of oxygen and moisture inside glove box were maintained below 0.1 ppm during the experiments. The schematic diagram of apparatus for high temperature experiments and the optical photograph of the electrorefining cell configuration are prepared as shown in Figure 1 . The electrochemical cell was placed inside furnace made of type 304 SS installed at the bottom of the glove box. A quartz cell with an inner diameter of 27 mm, an outer diameter of 30 mm and a height of 380 mm was used for the LiCl-KCl-ZrCl 4 container. The cell temperature was directly measured during the electrorefining using a K-type thermocouple. The temperature of molten salts was maintained to 500 °C within ± 1 °C using proportional-integral-derivative (PID) heater controller. Potential was applied and controlled by using VersaStat3 potentiostat with VersaStudio software. For lab-scale electrorefining experiments, three electrodes system were applied as represented in Figure 1 . Ag/AgCl reference electrode made of a thin Pyrex cell, silver wire (Sigma Aldrich, 99.9% purity, 1mm diameter) and LiCl-KCl-AgCl (1 wt.%) were utilized. Tungsten rod (Alfa Aesar, 99.95% purity, 3.175 mm diameter) was used for the cathode. A basket made of 316 stainless steel with each side of 10 mm and height 30 mm was designed as an anode basket to contain the Zircaloy-4 specimens. Six cuts of the Zircaloy-4 prepared from a Zircaloy-4 tube were loaded into the anode basket as shown in Figure. 2. The composition of the Zircaloy-4 specimen was analyzed by ICP-MS as represented in Table 1 . The Zircaloy-4 was mainly composed of Zr of 98.6 wt.% and small amounts of Sn, Cr, and Fe as alloying elements. Co was also analyzed since it is one of the impurity elements of Zircaloy-4 and Co-60 is the most important isotope, which should be considered in terms of irradiated SNF Zircaloy-4 cladding decontamination. [3] . 
Electrorefining of Zircaloy-4
According to the author's previous study on ZrCl 4 cyclic voltammetry, the redox behavior of Zr in LiCl-KCl including insoluble ZrCl and Zr metal formation is greatly complicated, and each redox reaction rate can be significantly influenced by the ZrCl 4 concentration [19] . In the cyclic voltammograms, the oxidation peak height of ZrCl diminishes as ZrCl 4 concentration decreases. Therefore, it is expected that cathodic deposits would be Zr metal under the electrorefining at a low concentration of ZrCl 4 whereas ZrCl would be deposited at high concentration of In all five electrorefining experiments, anode potential was maintained as a constant voltage to suppress dissolution of all alloying elements (Sn, Cr, and Fe) and Co. The apparent standard potentials of the Sn 2+ /Sn, Cr 2+ /Cr, Fe 2+ /Fe, Co 2+ /Co, and Zr 4+ /ZrCl in LiCl-KCl at 500°C that were measured in the equivalent electrochemical system of this study are represented in Table 2 [19] . Since all of the alloying elements (Sn, Cr, Fe) and Co are nobler than Zr 4+ /ZrCl reaction, these elements would be deposited on the cathode and the purity of Zr recovered on the cathode would decrease if the elements are dissolved from the anode basket into the molten salts. Cr is the noblest elements among these elements with the apparent standard potential of -0.898 V (vs. Ag/AgCl). Therefore, anode potential is maintained at -0.9 V (vs. Ag/AgCl) for all electrorefining experiments. After electrorefining, chemical forms and compositions of the deposits and salts were analyzed by XRD and ICP-MS respectively. The cathode deposits were scrapped, and sealed in a sample bottle to prevent oxidation of the products before XRD and ICP-MS analysis. The XRD was also applied to the LiCl-KCl and LiCl-KCl-ZrCl 4 (10 wt.%) to compare with the XRD results after electrorefining as represented in Figure 3 . In all electrorefining experiments, the powdery cathode deposits were collected. The compositions of the cathode deposits are summarized in Table 3 . Alloying elements (Sn, Cr, Fe) and Co were not found in the ICP-MS results beyond the detection limit. When considering the detection limit of each element and unconsidered impurities, the purity of Zr in the cathode deposits would be over 99.9% if the trapped salts in the cathode deposits were removed.
Optical photographs of the cathodes after electrorefining and XRD results on the deposits are represented in Figure 4 . In the XRD results of Figure 4 , unmarked peaks are matched to the peak of LiCl-KCl or LiCl-KCl-ZrCl 4 (10 wt.%). In the cases that the initial ZrCl 4 concentrations in the electrolyte are 0.1 and 0.5 wt.%, Zr metal was recovered without ZrCl. As the increase of the ZrCl 4 concentration, ZrCl becomes dominant in the deposits. At the ZrCl 4 concentration of 1.0 wt.%, both Zr metal and ZrCl were recovered. At the higher concentrations of ZrCl 4 , 2.0 and 4.0 wt.%, only ZrCl without Zr metal was deposited on the cathode. Figure 5 and Figure 6 represents the optical photographs of the used salt ingots in a cross sectional view. In the case of 0.1, 0.5 and 1.0 wt.%, there were black powdery precipitates in the bottom part of the ingots but they are not observed at the concentration of 2.0 and 4.0 wt.%. The salt ingots containing black powders were cut into several pieces, and the bottom parts with black powders were collected. The collected bottom salts were analyzed by XRD to identify chemical forms of the black powders as represented in Figure 6 . XRD results indicate that black powders were Zr metal in the electrorefining using 0.1 and 0.5 wt.% of ZrCl 4 while the black powders were the mixture of Zr metal and ZrCl for the molten salts with 1.0 wt.% ZrCl 4 . After electrorefining under the ZrCl 4 concentrations of 2.0 and 4.0 wt.%, black powdery precipitates were not observed at the bottom of the salt ingots as represented in Figure 6 . Colors of the molten salt ingots are shown to become darker from light brown to dark brown as the ZrCl 4 concentration increases. 
DISCUSSION
Composition of cathodic deposits
Since the anode potential was controlled as -0.9 V (vs. Ag/AgCl) which is a slightly negative value of the apparent reduction potential of Cr in LiCl-KCl at 500 °C, only Zr was dissolved as Zr 4+ ion from Zircaloy-4 cuts into the electrolyte and the other elements were not oxidized into the ions. The anode potential control method leads the results that very high purity of Zr was deposited on the cathode. Lee et al. conducted electrorefining experiments with Zircaloy-4 specimen in LiCl-KCl at the ZrCl 4 concentration of 4 wt.% by controlling the cathode potential [14] . The cathode potential was controlled to investigate the chemical form of the cathode. The cathode deposits obtained by the cathode potential control electrorefining contained Sn and other elements as represented in Table 3 .
These results would imply that electrorefining would be an effective decontamination process for irradiated Zircaloy-4 cladding if an anode potential is maintained constantly during the process. These methodological approaches could be applied to other Zr alloys which have been utilized in the nuclear industry such as Zirlo and Zr-2.5Nb because alloying elements of those including Nb are nobler than Zr [20] [21] [22] . If electrorefining for the Zr alloys is operated in a galvanostatic condition, the termination time of the electrorefining should be determined by monitoring the point that anode potential gets more positive value than the apparent standard potential of the most oxidative element except Zr.
Sn was not observed at both the cathodic deposits and the bottom of the used salt ingots for all electrorefining conditions. That could be attributed to relatively short operation time, but there is a concern related to the melting of Sn. The melting point of Sn is about 232°C which is much lower than the operating temperature. According to the binary phase diagram of Zr-Sn, Sn forms a solid solution with Zr at the initial stage of electrorefining because the composition of Sn in Zircaloy-4 is approximately 1 wt.% so Sn might not melt out from Zircaloy-4 cuts [23, 24] . If the electrorefining is operated until most of Zr in the Zircaloy-4 specimen is depleted, the local concentration of Sn in the Zircaloy-4 specimen would increase sharply. As the concentration of Zr decreases, Sn-rich intermetallic compound would finally be decomposed, and Sn would exist as a liquid phase in the anode basket. As a result, Sn could melt out from Zircaloy-4 cuts at the end stage of the electrorefining. If Sn melts out from the anode, Sn might not be deposited but be trapped with LiClKCl and inside the cathodic deposits. That would result in decreasing the recovered Zr purity. Therefore, operating conditions to minimize Sn melting should be developed to recover Zr without Sn.
Powdery cathode deposits and precipitate on the bottom of the used salt ingots
Morphological characteristics of Zr in both the cathodic deposits and the bottom of the molten salts are shown to be a powdery shape. Powdery products would have some concerns in a post-process after electrorefining for the recovered metal to be utilized because it could be easy to be oxidized. If oxygen content exceeds 0.7% in zirconium compounds, Zr would become unworkable, and reactorgrade Zr requires oxygen content lower than 1,000 ppm [25] . Therefore, melting and casting processes should be applied to powdery Zr to minimize oxidation as soon as possible after electrorefining of Zr alloys. Arc melting process was proven practically for Zr powder to be converted into Zr sponge which can satisfy ASTM B349 specifications for nuclear-grade [16] . If the electrorefining is conducted using irradiated Zircaloy-4, recovered Zr contains Zr-93 which cause radioactivity in the Zr lumps is approximately 300 times larger than its clearance level and it would be difficult to be utilized under radiation-free environment [3] . However, recovered Zr produced by arc melting would be utilized to materials for a part of radioactive waste disposal container as well as for fabricating metallic fuels for fast reactors and inert matrix for transmutation targets fabrication.
Black powders were observed in the bottom of the molten salts after electrorefining in ZrCl 4 of 0.1, 0.5 and 1.0 wt.% in the molten salts and the chemical forms were equivalent to cathodic deposits. From the results, it could be deduced from the results that disproportionate reactions forming ZrCl would be greatly slow. ZrCl could be produced by a disproportionate reaction in chloride salts such as KCl-NaCl-CsCl as follow [25] :
(1) The Gibbs free energy of reaction (1) calculated by HSC chemistry 5 is -36 kJ at 500ºC, so it is a spontaneous reaction. If the reaction rate of the reaction (1) were fast enough to produce ZrCl, ZrCl would be found at the bottom of both 0.1, and 0.5 wt.% ZrCl 4 salt ingots but ZrCl was not detected in this condition. That could indicate that decrease of Zr recovery efficiency resulting from the ZrCl formation would be negligible. Therefore, the powdery precipitates at the bottom of the salts would be recycled if electrorefining of Zircaloy-4 is operated at the condition that Zr metal is deposited without ZrCl.
Chemical form of the Zr deposits according to ZrCl 4 concentration
As the concentration of ZrCl 4 which is used as an initiator for electrorefining increases, more amount of ZrCl would be recovered with Zr metal. As a result, low concentration of ZrCl 4 would be preferred to recover Zr metal without ZrCl. This phenomenon could be explained by the reduction mechanism of Zr as follow [3] :
(2) (3) If the forward reaction rate of reaction (2) is faster than that of reaction (3), ZrCl would be maintained in the cathodic deposits. On the other hand, if the forward reaction rate of reaction (2) is slower than that of reaction (3), all of ZrCl would be converted into Zr, and only Zr metal was recovered on the cathode.
The electrochemical reaction rates are greatly depending on applied current density or applied potential and concentrations of the reactants and products. The mole production rate of ZrCl in the reaction (2) , ZrCl m could be determined by equation (4) [26].
where i ZrCl is the current density resulting from the reaction of ZrCl formation, n ZrCl is the number of electrons participating in the reaction of ZrCl formation, F is the Faraday constant, k 0,ZrCl is the rate constant for the reaction of ZrCl formation, 4 
where i Zr is the current density resulting from the reaction of Zr formation, n Zr is the number of electrons participating in the Zr formation, k 0,Zr is the rate constant for the reaction of Zr formation, α Zr is the charge transfer coefficient for the Zr formation and 0' Zr E is the formal potential of the Zr metal formation.
Comparing with equation (4) and equation (5) In the electrorefining experiments that Lee conducted at 4 wt.% ZrCl 4 , ZrCl was deposited with Zr metal even highly negative potential was applied to the cathode as represented in Table 3 [14] . The results of electrorefining conducted by Lee et al. accord with the results of this study identifying that ZrCl is likely to be deposited during electrorefining at high concentration of ZrCl 4 . If more highly negative potential had been applied on the cathode in the experiment of Lee et al, all of ZrCl would be reduced into Zr metal but the cathode deposits would contain more Sn, Fe, and Cr. From these results, it would be suggested that electrorefining of Zircaloy-4 should be carried out at low concentration of ZrCl 4 , less than 1 wt% to recover high purity Zr metal without ZrCl.
CONCLUSIONS
To better understand Zr alloys electrorefining in LiCl-KCl salts lab-scale electrorefining experiments were conducted using unirradiated Zircaloy-4 specimens at five different concentrations of ZrCl 4 (0.1, 0.5, 1.0, 2.0, 4.0 wt.%) by maintaining anode potential as -0.9 V (vs. Ag/AgCl) at 500 °C. Zr metal was recovered on the cathode without ZrCl at a low concentration of ZrCl 4 (0.1 and 0.5 wt.%), and ZrCl was recovered on cathode at high concentration of ZrCl 4 (2.0 and 4.0 wt.%) revealed by XRD analysis. At the ZrCl 4 concentration of 1 wt.%, both Zr metal and ZrCl were deposited on the cathode. For all cases of electrorefining, highly pure Zr with a purity of over 99.9% was found in the cathode deposits without other alloying elements revealed by ICP-MS analysis. Therefore, chlorides based electrorefining for Zr alloys is identified to be possible to recover high purity Zr metal without ZrCl deposition. Furthermore, ZrCl 4 concentration of 0.5 wt.% would be recommendable for the initiator of Zircaloy-4 electrorefining to get high throughput in our experimental conditions.
